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I. INTRODUCTION
Interpolymer complexation is often utilized in various areas to
fabricate functional nanostructured materials.1-9 Among many
possibilities, hydrogen bonding is a major driving force to induce
macromolecular association. Although the energy of a single
hydrogen bond is weaker than the covalent or ionic bonds,
cooperative formation of a large number of hydrogen bonds is
capable of stabilizing ladder-like complexations. Identification
and quantitative analysis of the specific bonds in the complex can
be performed by monitoring adsorption spectra during the
chemical reactions using Fourier transform infrared spectroscopy
(FTIR).10,11 Perhaps the best known example of ladder-like
complexation of macromolecules is from biological systems, in
which two single-stranded nucleotides associate through hydrogen
bonding to form a double-stranded DNAmolecule.12 Complexa-
tion between polyacid and polybase is another widely studied
example in supramolecular science, especially for potential
pharmaceutical or industrial applications.13-17 In the case of
supramolecular complexation, two classes of polymers bind to
each other through hydrogen bonding because the polyacid and
polybase serve as a proton donor and acceptor, respectively. The
solubility of the resultant duplex polymers, however, can differ
greatly from that of the individual components. For example,
hydrophilic sites may exist on the side chains of the two
polymers. When the side chains act as binding sites, complexa-
tion in aqueous solution leads to an increase in hydrophobicity,
resulting in precipitation of the duplex polymers. Experimentally,
poly(monomethyl itaconate) and poly(N,N-dimethylacryl-
amide) and poly(ethyloxazoline) are commonly used as proton
donors and acceptors in different types of solvents.18 The stability
and solubility of the complex are highly affected by solvent
species. This indicates that solvent-polymer interactions cannot
be ignored in the study of the phase behavior of these classes of
polymers through the intermolecular association. Furthermore,
an abrupt formation of ladder-like polymers is also observed by
changing the strength of hydrogen bonds.19-21
In general, the driving force for interpolymer complexation,
Fcomplex, can be written as Fcomplex = Fad- Fsp- Fself.22 Here, Fad
is the force between a pair of proton-donating and proton-
accepting polymers. Fsp and Fself denote the attractive force
between solvent and polymer and the force for the self-association
of a proton-donating or proton-accepting polymer.23 To induce a
ladder-like complexation, Fad needs to exceed Fsp þ Fself. When
Fself is large, loop conformation due to intramolecular association
may occur. In the case of Fsp. Fself, however, the self-association
is inhibited. Thus, under the condition that Fad. Fsp. Fself, a
ladder-like complex with 1:1 stoichiometry of acceptor and
donor polymers can be induced, leading to the precipitation of
the complexes.4,18,24-27 Moreover, the study of the perfect-
matching model for DNA indicates that the ladder-like com-
plexation occurs when the chain length of polymers is very
short.28
The free energy of mixing of polymer and solvent is typically
written in the Flory-Huggins form23
fFH ¼
φp
Zp
ln φp þ φv ln φv þ χpvφpφv ð1Þ
where Zp, φp, φv, and χ are the number of statistical segments of a
polymer chain, the volume fraction of polymer, the volume
fraction of solvent, and the polymer-solvent interaction param-
eter, respectively. Phase coexistence curves in the χpv-φp plane
determined from eq 1 are in the form of convex functions. For
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ABSTRACT: Polymer-polymer complexation in solvent is studied
using an extension of the self-consistent field theory. The model
polymers are capable of forming ladder-like duplex structures. The
duplex formation occurs with an abrupt change of entropy, resulting in
a first-order transition. Moreover, the complexation can be stabilized
by solvent-polymer interactions, instead of the usual specific binding
interactions. Various types of unconventional phase diagrams are
predicted. For example, phase separation with decreasing χ-parameter
between duplex polymer and solvent can be induced, leading to a lower
critical solution temperature (LCST) behavior. Multiphase coexistence points at which two, three, or four phases coexist are also
obtained. Under certain conditions a homogeneous phase becomes unstable when the polymer chain length is decreased, in contrast
to the standard Flory-Huggins theory.
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small χpv, the solubility of polymers in solvent is enhanced.
Equation 1, however, needs to be modified for systems exhibiting
complexation phenomena. This is because association of macro-
molecules gives rise to a third species, i.e., the duplex polymer,
leading to a change in φp. The entropic contribution from the
polymers also changes with complexation. The association equi-
librium is determined by a competition between the χ-interac-
tion and entropy. A proper theoretical model for associating
polymers should include the complexation self-consistently. It is
expected that large variations in both enthalpy and entropy may
be induced by molecular association. The immiscibility of the
polymers can be enthalpy- or entropy-driven.
In this paper, we study the ladder-like complexation between
flexible donor and acceptor polymers using a self-consistent field
theory (SCFT), which is extended to include polymer complex-
ation. In the model, a flexible duplex polymer (D) is formed from
two linear (single-stranded) polymers (S) with specific binding
interactions such as hydrogen bonding. The binding equilibrium
is written as D/ S þ S. The goal of this paper is to show that
various unconventional phase separation schemes can be induced
by the simple duplex formation within the scope of a mean-field
approximation.
The model system is specified in Section II. A self-consistent
field theory is developed to include the specific binding interac-
tions between acceptor and donor polymers. The free energy is
then obtained using a mean-field approximation. In Section III,
the equation to determine the number of nonassociating single-
stranded polymers in the homogeneous phase is discussed in the
case of the symmetric solution where the numbers and the
physical properties of acceptor and donor polymers are equal. It
is also noted that the ladder-like complexation can be stabilized
by the solvent-polymer interactions. Moreover, a discontinuous
formation of the duplex polymers is analytically shown to occur
as the χ parameter is changed. The discontinuous duplex forma-
tion gives rise to abrupt variatons in the slope and y-intercept of
the free energy, which indicate that the transition is first-order.29
In Section IV, typical coexistence curves are presented.
II. MODEL AND THEORETICAL FRAMEWORK
The model system contains two types (A and B) of single-
stranded polymers and solvent. The polymers are assumed to be
donor (A) and acceptor (B) polymers. These polymers are
capable of binding to each other through specific bindings,
resulting in a ladder-like polymer, as illustrated in Figure 1.
The interpolymer complexation thus induces a third species, the
D-type polymer. In the present work, a complete binding of
flexible polymers with 1:1 stoichiometry is assumed, so the
single-stranded polymers form a double-stranded polymer with-
out dangling ends. As discussed in Section I, the approximation
of the 1:1 ladder-like complexation is applicable for short
polymers, for cases where intermolecular cluster formation
can be ignored.28 The Gaussian stretching energy of the poly-
mers is written as
H0 ¼
X
l¼A, B
XNl - ND
i¼ 1
3
2b2
Z Z
0
dt
d RB
ðlÞ
i ðtÞ
dt
0
@
1
A
2
þ
XND
i¼ 1
3
2b2
Z Z
0
dt
d RB
ðDÞ
i ðtÞ
dt
0
@
1
A
2
ð2Þ
where NA and NB are the total numbers of A- and B-type
polymers. ND is the number of D-type polymers due to the
complexation. The number of solvent molecules is Nv.
We use the convention that an index, s, indicates all species
(A-, B-, D-type polymers, and solvent). b denotes a statistical
segment length of polymer. RBi(k)(t) is the tth position
of monomers on the ith polymer of the k-species (t = 0, ..., Z),
where Z is the number of statistical segments. Z is assumed to
be the same for all chains. The total binding free energy of the
complexation is expressed as Hbind = -εND. The grand-
canonical partition function of the model is written as
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where λp  exp(βμp) is the exponential function of the
chemical potential of the p-species (p = A,B), μp, which
determines the thermodynamical average of Np, Np =
λp(∂ ln Zg)/(∂λp). β is the inverse temperature. ξD  λT3eε, and
λv are the single-molecular partition functions of a D-type
molecule and solvent due to the kinetic energy, where λT is the
thermal wavelength of a D-type molecule. Min[NA,NB] denotes
the minimum of NA and NB. The delta function ensures the
incompressibility of the system. The segment density of the s-type
polymer is expressed as n^s(rB) = ∑iNs
R
0
Zdtδ(rB - RBi(s)(t)), where
Ns = NA- ND, NB- ND, and ND for A, B, and D-type polymers,
respectively. βV(n^s) indicates the intermolecular potentials typi-
cally modeled by the Flory-Huggins interaction. The number
density of solvent molecules is n^v(rB) = ∑i
Nvδ(rB - rBi). The
Boltzmann counting in eq 3 assures the indistinguishability of
each species. Note that the number of nonassociating single-
stranded A-type (or B-type) polymers is given by NA- ND (or
NB - ND). Thus, the configuration integral for the polymers
is calculated with the degrees of freedom, DRBi(A)(t), DRBj(B)(t),
and DRBk(D)(t). A set of parameters, vs, are defined to character-
ize the hard core volumes of monomers. A reference density,
F0 = 1/(vv), and the ratios of the volumes to a reference volume,
νs = (vs/vv), are used. We introduce indices, sA = NA- ND and
sB = NB - ND, which also run from 0 to ¥.30 This gives the
Figure 1. Schematic description of the specific binding between two
polymers. The duplex structure (D-type polymer) is induced by
interpolymer complexation.
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where sDND. A standard technique of the self-consistent field
theory using δ(n^s - ns) =
R
Dωs(rB)ei
R
d3rωs(rB)(n^s(rB)-ns(rB)), in
which ns(RB) is a density field constrained to n^s(rB) and ωs(rB) is
an auxiliary field, is applied to eq 3, leading to
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The functional form of the grand potential derived from
eq 5 is
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The mean-field equations are obtained by minimizing eq 8
with respect to the field variables, leading to the SCFT
equations
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where Qk  (1/V)Rd3rqk(rB,Z) with k = A, B, D. The integral
propagator, qa, is the solution to the modified diffusion
equation
DqkðrB, tÞ
Dt
¼ b
2
a
6
r2qkðrB, tÞ-ωkqkðrB, tÞ ð10Þ
with the initial condition, qk(rB,0) = 1.
III. HOMOGENEOUS PHASE
In this section, the model is applied to a system composed of
mutually miscible A- and B-type polymers immersed in solution
to study the stability of their association. Thus, the Flory
parameter between A- and B-type polymers, χAB, is set to 0.
The overall concentrations of A- and B-type polymers are
assumed to be equivalent (i.e., NA = NB). The ratios of the
volumes, νD = 2νA = 2νB = 2, are used. The mean-field
intermolecular interaction is written in a standard Flory-
Huggins form
βVðnsÞ ¼
X
i¼A, B
Z
d3r χiDvvniðrBÞnDðrBÞ
þ
X
i¼A, B, D
Z
d3rχivvvniðrBÞnvðrBÞ ð11Þ
Furthermore, we focus on the case of a symmetric solution with
χAv = χBv and χAD = χBD. Therefore, nA = nB are obtained in
homogeneous phases. Uniform solutions to eq 9 can then be
given by
1¼ 2nA
F0
þ 2nD
F0
þ nv
F0
nA¼ λAZ expð-ωAZÞ
nD¼ λ2AξDZ expð-ωDZÞ ¼
n2A
Z
ξD expðZð2ωA -ωDÞÞ
nv¼ λv expð-ωvÞ
ωA¼ ηF0
þ χADvvnD þ χAvvvnv
ωD¼ 2ηF0
þ 2χADvvnA þ χDvvvnv ð12Þ
where qk(t) = exp(-ωkt) is used. The overall volume fraction
of polymers is φ = 2nAvv þ 2nDvv. The equation for nA is
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employed to transform that for nD. It should be noticed that
2ωA - ωD can be replaced by nA, nD, and φ. The equation for
nD in eq 12 can then be cast into a mass action law for the
polymer-polymer complexation (D/ S þ S)
φ- φsingle
φ2single
¼ Λ exp½-2ZχADφsingle þ ZχADφ
þ ð2ZχAv - ZχDvÞð1- φÞ ð13Þ
where Λ  (ξD)/(2Zvv) and φsingle  2nAvv is the volume
fraction of nonassociating single-stranded polymers. It is noted
that the parameter, Λ, represents the strength of the ladder-like
binding per chain length. The value of Λ increases with increas-
ing ε, whereasΛ decreases with increasing Z under the condition
that ε is fixed. Thus, a longer chain with a fixed number of binding
sites effectively reduces the strength of the binding. The
Helmholtz free energy, (βF)/(VF0) = (βΩ)/(VF0) þ μaβφ, in
the homogeneous phase is given by
βF
VF0
 f ðφÞ ¼ φsingle
Z
ln
φsingle
Z
 !
þ φ- φsingle
2Z
ln
φ- φsingle
Z
 !
þ φsingle þ φ
2Z
lnðΛZÞþð1- φÞlnð1- φÞ- φsingle þ φ
2Z
þ χAD
2
ðφ- φsingleÞφsingle þ
χDv
2
ðφ- φsingleÞð1- φÞ
þ χAvð1- φÞφsingle ð14Þ
Figure 2 schematically shows the solutions of eq 13 for
different values of the χ-parameters. An analysis of the figure
indicates that three types of solutions of φsingle can be obtained.
Two of the solutions discontinuously appear as φ or χ-para-
meter is varied. As shown in Figure 3, duplex formations of the
polymers do not occur in the case where the strength of the
binding is relatively weak. However, φsingle∼ 0 is obtained with
increasing χDv and χAv at low concentrations of φ. That is,
duplex polymers can be induced by solvent-polymer interac-
tions, instead of by specific binding interactions such as hydro-
gen bonding. The duplex polymers are continuously dissociated
into single-stranded polymers as φ is increased. For larger
values of χAD, two discontinuous solutions are shown to exist
(Figure 4). It should also be noted that the free energy function
has a cotangent line, which implies a phase separation into
single-stranded and duplex polymers. Figure 5 indicates that
phase separation into duplex polymers and pure solvents can be
induced. Thus, precipitation or coacervation of duplex poly-
mers may occur in this case. We also remark that in our
calculations the intermediate solution of φsingle gives the largest
value of the free energy for a given φ, so it is ignored in the
following discussions.
Figure 2. Generic description of the solutions to eq 13. The solid line is
ln[(φ - φsingle)/(Λφsingle2 )], which is a monotonically decreasing
function of φsingle with an inflection point at (2 -
√
2)φ in the range
of φsingle e φ. The dashed and dot-dashed lines denote the linear
function, -2ZχADφsingleþZχADφ þ (2ZχAv - ZχDv)(1 - φ), with
different values of χZ. The solutions of eq 13 are given by the
intersections of the solid line and the dashed or dot-dashed line.
Figure 3. Volume fraction of nonassociating single-stranded polymers.
Z = 100,Λ = 10-4, ZχAD = 0, ZχDv = 120, and ZχAv = 80 are used. The
states of the polymers are schematically illustrated. The inset indicates
φsingle in the case of weak binding with Z = 100, Λ = 10
-4, ZχAD = 0,
ZχDv = 0, and ZχAv = 0.
Figure 4. Volume fraction of nonassociating single-stranded polymers.
Z = 100,Λ = 10-4, ZχAD = 20, ZχDv = 120, and ZχAv = 80 are used. The
states of the polymers are schematically illustrated. The inset indicates
that three types of free energies (F) can be obtained because three
solutions toφsingle exist in eq 13. It should be noted that the two lines of F
are found at φJ0.6 for the discontinuity of φsingle, as illustrated in
Figure 2. The line for the solution, φsingle ∼ φ, intersects the line for
φsingle ∼ 0. The free energy for the intermediate solution of φsingle is
larger than others.
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IV. PHASE DIAGRAMS
For two phases of an incompressible fluid, the free energy of
mixing is written as (βFm)/(VF0) = [(φ2 - φ)/(φ2 - φ1)]-
f(φ1) þ [(φ - φ1)/(φ2 - φ1)]f(φ2) under the condition of the
conservation of total particle number. In general, thermodynamic
properties at phase coexistence are obtained when the total free
energy density is minimized. Therefore, phase coexistence curves
of themodel can be determined from eqs 13 and 14. In this paper,
to clarify the point of discussion, the phases are classified into
four types: (1) duplex polymers are dominant (D phase), (2)
nonassociating single-stranded polymers are dominant (S phase),
(3) a mixture of duplex and single-stranded polymers occurs
(D/S phase), and (4) a pure-solvent phase is induced with φ = 0
(P phase).
Figure 6 shows that phase separation can be induced by
polymer-solvent interactions. At low volume fractions of
polymers, a coexistence of pure-solvent and D phases is
obtained. In the case of aqueous solution, this implies that
precipitates of duplex polymer can be induced by increasing
the hydrophobicity of the polymer, as observed in previous
experiments.18,31 At very high volume fractions of polymers
(φJ 0.8), the solvent-induced stability is weakened (Figures 3
and 4). Then, disruption of the duplex formation occurs,
leading to a homogeneous S phase. That is, the miscibility
of nonassociating single-stranded polymers is enhanced. It is
also noted that the transition between homogeneous D and S
phases can be continuous in the case of relatively weak χAD. In
contrast, polymers phase-separate into domains of duplex and
single-stranded polymers with increasing χAD in the range
of φ = 0.7-0.8. In this case, there is one critical point in the
χAD-φ plane.
When the A- and B-type polymers are miscible, the misci-
bility between polymers can be assumed to remain unchanged
through the duplex formation. To study this case, we set χAD =
0. The phase coexistence curves are then calculated (Figure 7).
In a wide range of polymer concentrations (φ = 0-0.7),
phase separation between duplex polymer and pure solvent is
obtained with increasing χDv from 0 (Figure 7 (a)). The phase-
coexistence line is convex, similar to the classical Flory-
Huggins theory. However, further increase in χDv (the
arrow-line (1)) leads to a discontinuous transition of dissocia-
tion of duplex polymers (Figure 8), while the pure-solvent
phase is unchanged. Thus, a relatively strong χ interaction
between solvent and duplex polymer inhibits the duplex
formation in this case. Figure 9 shows that the slope (i.e., the
first-order derivative) and its y-intercept of the free energy
abruptly vary, as the discontinuous duplex formation/disruption
occurs. Therefore, the result implies that the transition is
first-order.
In contrast to the classical Flory-Huggins theory, the
free energy given by eqs 13 and 14 leads to a closed region
bounded by the coexistence lines where a phase separation of
the homogeneous D (or S) phase into D and S phases at
high volume fractions of polymers is induced (Figure 7 (a)). A
discontinuous transition from the D phase in the phase coex-
istence to the pure-solvent phase occurs (Figure 8), as χDv is
increased to exceed the horizontal dashed line along the arrow-
line (2). As shown in Figure 9, this transition is also implied to
be first-order. The intersections of the dashed and binodal lines
give coexistence points where three and four phases coexist.
Figure 7 (b) indicates that the two coexistence points in
Figure 7 (a) are merged at a point where four phases coexist
when the model parameters are varied. Moreover, the discontin-
uous transitions of dissociation of duplex polymers disappear.
That is, the duplex polymers continuously dissociate into single-
stranded polymers through the D/S phase, while the pure-
solvent phase remains intact.
In Figure 7 (c), the regions of homogeneous D and S
phases are connected through the D/S phase. The closed
region for the coexistence of D and S phases is shown to be
isolated in the phase diagram. The result implies that phase
separation can be induced with increasing T in the case where
χDv varies with ∼(1/T). Thus, a LCST is predicted by
the model.
As discussed in Section I, the classical Flory-Huggins theory
gives a transition into a homogeneous phase with decreasing Z
because of an increase in entropy of mixing of polymers. In our
model with the duplex formation, however, a phase separation
can also be induced using shorter polymer chains. Figure 10
shows that an instability of homogeneous S phase can be
Figure 6. Phase coexistence curve with Z = 100,Λ = 10-4, ZχDv = 120,
and ZχAv = 80 as a function of overall volume fraction of polymers. As
discussed in Section III, the duplex formation of single-stranded poly-
mers does not occur in the case of χDv = 0 and χAv = 0, where phase
separation is not induced.
Figure 5. Volume fraction of nonassociating single-stranded polymers.
Z = 50,Λ = 1,ZχAD = 20,ZχDv = 120, andZχAv = 80 are used. The states
of the polymers are schematically illustrated. The inset indicates that
three types of free energies (F) can be obtained because three solutions
to φsingle exist in eq 13. It should be noted that the two lines of F are
found at φJ0.7 for the discontinuity of φsingle, as illustrated in Figure 2.
The line in the middle is obtained using φsingle ∼ φ.
2788 dx.doi.org/10.1021/jp109673k |J. Phys. Chem. B 2011, 115, 2783–2790
The Journal of Physical Chemistry B ARTICLE
obtained as Z is decreased. In this case, the effective strength of
the binding interaction, Λ, is increased. Therefore, the duplex
formation occurs at very high concentrations of polymer.
V. DISCUSSION AND CONCLUSION
In this work, a self-consistent field theory is developed for the
study of polymeric systems containing associating polymers. The
theory is applied to a simple system containing two types of short
single-stranded polymers (acceptor and donor polymers)
immersed in solvents. The two types of polymers are capable
of forming a ladder-like duplex structure through specific binding
interactions such as hydrogen bonding (Figure 1). A further
simplification is that the stoichiometry of the interpolymer
complexation is maintained at 1:1 for the acceptor and donor
polymers. Therefore, the present model does not include
dangling bonds. The gelation or cluster induced by interpolymer
association, and the self-association by intramolecular associa-
tion, are also ignored, as discussed in Section I. In experiments,
Figure 7. Phase coexistence curves withΛ = 10-4,ZχAD = 0, andZχAv = 80 using (a) Z = 50, (b) Z = 58.6, and (c) Z = 70 as a function of overall volume
fraction of polymer. The horizontal dashed line in (a) indicates the discontinuous transitions between duplex and nonassociating single-stranded
polymers. The values of φsingle along the lines (1) and (2) are shown in Figure 8.
Figure 8. Volume fractions of nonassociating single-stranded polymers,
φsingle. φ = 0.4, φ = 0.8 (the inset), and χDv along the arrow-lines in
Figure 7 (a) are used.
Figure 9. Free-energy densities with φ = 0.4 and φ = 0.8 (the inset) in
Figure 2 as a function of χDv. The kinks are found to occur in the case of
the discontinuous duplex formation.
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precipitates of the ladder-like complex without gelation have
been observed.18,32
In Section III, we focused on the case of a symmetric solution
where the numbers of acceptor and donor polymers are equal.
Furthermore, it is assumed that there is no physical difference
between the two polymers (i.e., χAv = χBv, χAD = χBD, and
νA = νB). The concentration of nonassociating single-stranded
polymers in the homogeneous phase is determined by solving the
transcendental equation, eq 13. The theory predicts that the
duplex formation occurs through a discontinuous or a contin-
uous transition (Figure 2). Numerical examples are also pre-
sented (Figures 3, 4, and 5). In particular, duplex formation is
shown to be induced by solvent-polymer interactions, rather
than the specific binding interaction (Figure 3). In an experi-
ment, solvent-induced complexation between poly(N-tert-
butylacrylamide) and poly(acrylic acid) has been examined.33
A similar stable structure due to non-hydrogen bonding is also
discussed in the case of DNA helix to engineer a new class of
nucleotides.34
In Section IV, coexistence curves are presented. The results
indicate that the ladder-like complexation phenomena lead to
various types of phase behaviors, which give unconventional
phase diagrams in contrast to those of the classical Flory-
Huggins theory. The discontinuous transitions between the D
phase and the S or P phase can be induced with changing χDv
across the horizontal dashed line in Figure 7 (a) (Figure 8), while
the phase coexistences remain intact. In these cases, abrupt
variations in the slope and its y-intercept of the free energy are
obtained. It should also be noted that, in general, the χ parameter
has the generic form of A/T þ B, where A and B are constants.
Thus, an abrupt change in entropy occurs through the ladder-like
duplex formation because the entropy is given by-(∂Fm)/(∂T).
That is, the transitions are expected to be first-order. It is clear
that the entropy-driven force arises from the change in the
number of free molecules due to complexation. For the standard
form of χDv = A/T with A > 0, the discontinuous transition from
the S phase to the D phase is induced by increasing temperature
across the horizontal dashed line (Figure 8). In this case, positive
changes in both entropy and enthalpy are derived from Figure 9.
This indicates that the molecular association is entropically
favorable and enthalpically unfavorable, as analytically shown
in the case of rigid macromolecules.29 It is also noted that a
decrease in χDv leads to an enhanced solubility of the duplex
polymers in solvent, which gives rise to the association of the
single-stranded polymers. The discontinuous transition between
the D phase and the S phase, however, disappears with changing
model parameters (Figures 7 (b) and (c)). The D (or S) phase
then continuously changes to the S (or D) phase through a D/S
phase. Experimentally, it is found that the interpolymer complex
can be miscible with single-stranded acceptor and donor
polymers.35
The theory also predicts multiple points, at which two, three,
or four phases coexist in the phase diagram. Furthermore, a
coexistence curve is given by a concave function in the χDv-φ
plane using a certain set of parameters (Figure 7 (c)). Assuming
χDv = A/Tþ B, this result indicates that phase separation can be
induced by increasing temperature. That is, the LCST is pre-
dicted by the theory. In this case, duplex polymers become more
soluble in solvent than single-stranded polymers, as temperature
is increased. A transition from single-stranded polymer to duplex
polymer is then expected to occur, as shown in Figure 8. The
polymer-polymer complexation, however, costs entropic pen-
alty due to conformational constraint. A balance of the overall
free energy gives rise to the phase separation of the D and S
phases at high temperature. Experimentally, a similar transition
from a homogeneous phase to a liquid-liquid phase, each phase
being solvated, is observed by increasing temperature, or the
solubility between polymer and solvent.33,36 Moreover, it is also
observed that an increase in polymer concentration gives rise to
the liquid-liquid phase separation. In Figure 7, such transitions
are found as a coexistence of the D and S phases bounded by the
homogeneous phases. It is worth noting that a macrophase
separation between poly(ethylene oxide)-b-polybutadiene (PEO-
b-PB) and poly(acrylic acid) (PAA) is induced by increasing a PB
selective solvent.37 In this case, the complexation between PEO and
PAA occurs in one phase. The dissolution of the complex into the
solution can then be induced upon further addition of the solvent.
This experimental phase behavior is similar to the transition from
the homogeneous S phase to the homogeneous D phase through
the coexistence of the D and S phases (Figure 7).
As discussed in Section I, a decrease in the number of statistical
segments of polymer chains leads to an increase in entropy of
mixing within the framework of the classical Flory-Huggins
theory for nonassociating polymers. For molecular complexa-
tion, however, the entropy may be largely reduced because
degrees of freedom ofmolecules are constrained.29 In the present
model, demixing of single-stranded polymers in the homoge-
neous phase can be induced by decreasing the chain length, Z
(Figure 10). For short polymers, the strength of the binding
between two polymers can be enhanced (Section II). On the
other hand, the duplex formation leads to the entropic penalty, as
discussed in the case of the LCST. Again, the phase separation
with decreasing Z is expected to result from the entropic
competition in the free energy of the overall system.
Finally, we remark that the first-order nature of the present
model is analogous to the result of the perfect-matching model
for the binding of DNA molecules.28 For no cluster formation,
the fraction of hydrogen bonds of a double-stranded DNA
behaves as a step function, θ(Z), as the chain length, Z,
approaches infinity. In the case of our model, similar discontin-
uous variations in φsingle are also obtained with increasing either
the chain length (Z) or the Flory parameter (χ) in eq 13.
Figure 10. Phase coexistence curve with Λ = 500, χDv = 5/3, χAv = 0,
andZ = 30 as a function of overall volume fraction of polymers. The inset
indicates that a homogeneous S phase is obtained using a set of
parameters, Λ = 25, χDv = 5/3, χAv = 0, and Z = 600. Note that the
specific binding energy for a duplex formation is not changed because
Λ = (ξD)/(2Zvv).
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